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Abstract 
An account is given of the Explorer 12 magnetic field 
observations of the magnetopause current layer on the in- 
bound pass of Sept, 24, 1961, which occurred during the main 
phase of a moderately strong magnetic storm. The accuracy 
of the Explorer 12 data reported here has been increased by 
use of an improved filtering procedure. Five magnetopause 
penetrations were observed in a time period of about 20 minutes 
and for each of these the data were used to calculate the vector 
normal to the current layer, the magnetic field component along 
that vector and the polarization of the current layer. Normal 
magnetic-field components significantly different from zero 
were obtained and it is suggested that the observations during 
this pass in general are consistent with the so-called open 
magnetosphere model. In fact, it appears that the first and 
the last of the boundary penetrations may have occurred on 
opposite sides of, but very near, the X-type magnetic null line 
which is located on the front side of the open magnetosphere 
model. The direction of the normal magnetic-field component 
as well as the sense of polarization of the current layer were 
found to be opposite for these two boundaries, 
Introduction 
It is the purpose of this report to present the magnetometer 
data from a set of Explorer 12 magnetopause penetrations during 
the inbound pass of Sept. 24, 1961, when a moderate magnetic 
storm was in progress, and to propose an interpretation of these 
data in terms of the so-called open magnetosphere model (Dungey, 
1961). 
The magnetometer experiment onboard Explorer 12 has been 
described in some detail by Cahill and Amazeen (1963). Approxi- 
mately three complete field-vector measurements were obtained 
per second. All Explorer 12 magnetometer data published to date 
were obtained by passing the analog output from each of the three 
fluxgate magnetometers through a set of digital filters with 
a window size of approximately 24y. The data presented here 
were obtained by instead passing the original telemetry tapes 
through an improved filter line yielding data that for the pur- 
poses of this paper can be considered to be in analog form, While 
in most cases where this improved reduction procedure was attempted 
the Explorer 12 data was too noisy to make the procedure worth- 
while,the data from Sept. 24, and a few other days, appeared 
greatly improved with a substantial reduction in noise level, 
compared to the digital data, Thus the Explorer 12 magnetopause 
records presepted here are considered to be substantially better 
than those used in previous analyses ( , 1967, 
1968). An indication of the accuracy of the data is obtained 
from the zero-%eve% corrections for the two magnetometers measur- 
ing the field perpendicular to the spin axis. These corrections 
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were found to be -2.4~ and - , 3 y  for the X and Y magnetometers, 
respectively, for the Sept, 24 event. 
The details of the Explorer 12 orbit can also be found in 
the paper by Cahill and Amazeen (1963). The five magnetopause 
crossings to be discussed here occurred in the time interval 
19.21 - 19.40 UT. The satellite location during this interval 
is given in Table 1. It is seen that the satellite was located 
near the 'nose' of the magnetosphere, a few degrees over on the 
morningside but almost exactly in the so-called solar-magneto- 
spheric equatorial plane, i.e., the plane through the earth's 
center that is perpendicular to the plane containing the solar- 
wind velocity vector and the geomagnetic dipole axis. An abbera- 
tion of 5O of the former vector from the antisolar direction is 
assumed, It,is seen from Table 1 that at 19.21 UT the satellite 
was about 0.3O on the southern side of the solar-magnetospheric 
equatorial plane while at 19.40 it was about 0.6O on the northern 
side of that plane. 
A magnetic storm of moderate strength was in progress on 
Sept. 24, 1961. The magnetopause observations to be presented 
here occurred during the main phase of that storm. The 3-hour 
K index for the period in question was K = 5 ,  Magnetograms 
P P 
from several low and mid-latitude stations are shown in Fig, I. 
Table 1. Satellite Position 
R /R is the geocentric distance in earth radii, 8 and @ 
P E P P 
are the geomagnetic colatitude and longitude, respectively, 
The former is < 90° in the northern hemisphere, the latter 
is counted positive west from the plane containing the solar- 
wind vector and the dipole axis. Thus @ = 0 at the 'nose' 
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Data  resenta at ion 
Figures 2a - 2d show survey plots of the Explorer 12 
magnetometer records for the period 19.15 - 19.46 UT on 
Sept. 24, 1961. The magnetic field vector is represented in 
a spherical polar coordinate system (B, a, $1 with the polar 
axis along the satellite spin axis, At 19.28 UT the latter 
has geomagnetic colatitude 8 2 132O and longitude @ 12g0 
s P SP 
with the angles 8 and $ defined in Table 1, The angles a and $ 
are the polar angle and the azimuth angle, respectively. The 
former is equal to zero when the field vector points along the 
positive spin axis, the latter is zero when the field lies in 
the plane containing the spin axis and the sun direction and 
points towards the sun. Also, is equal to 90° and 270° when 
the field is due north and south, respectively. This coordinate 
system was described in detail by Cahill and Amazeen (1963). 
It has been used in the presentation of much of the Explorer 12 
magnetometer data. 
Magnetopause crossings are observed as a large change in 
the angle $ usually accampanied by a change in the angle a and 
in the field magnitude B ,  Examination of Fig. 2a shows the 
following: The satellite is initially in the transition zone 
with $ cc 300°, a = 60°. Large periodic field-magnitude varia- 
tions, presumably associated with fast or slow MHD waves are 
seen. The wave period appears to be 60 - 70 sec. In Fig, 2b 
the first entry into the magnetosphere is observed at approxi- 
mately 19.21 UT. The angles and a take on the values -135O 
and - LISO, respectively. The field magnitude is generally 
higher than in the transition zone but it is noted that large 
periodic field-magnitude variations with a period of 40-50 sec. 
are present also on the magnetosphere side of the magnetopause. 
Itappears reasonable to assume that these are waves which origi- 
nated somewhere in the transition zone and were transmitted 
across the magnetopause. Alternatively they could be inter- 
preted as field structures convected across the magnetopause of 
an open magnetosphere. 
At approximately 19.25.30 UT the satellite again appears 
to leave the magnetosphere for a brief time period. The angles 
@ and a show a tendency to return to the values representative 
of the transition zone. However, the field intensity is lower 
than that seen in Fig. 2a. At19.26 UT the satellite has re- 
turned into the magnetosphere and B, a, @ have taken on about 
the same values as before. At 19.27.30 UT the satellite again 
leaves the magnetosphere and stays in the transition zone (Fig.2~) 
until 19.38 UT when it gradually reenters (Fig. 2d) over a period 
of several minutes, At about 19.45 UT the angles I) and a have 
again taken on the values 135O and llSO, respectively. The 
19.38 UT boundary is the last (i,e., innermost) boundary observed 
on this pass. Thus it is reasonably clear that these values 
of I) and a represent the magnetospheric field just inside the 
magnetopause. The fact that these angles also occur during 
the time intervals 19.21 - 19.25.30 UT and 19.26 - 19.27.30 UT 
suggests that the interpretation of the boundaries at 19.21, 
19.25.30, 19.26 and 19.27.30 UT as true magnetopause pene- 
trations is likely to be correct. 
The energetic proton and electron observations (Davis and 
Konradi, 1968) during the period of interest are not presented 
in detail here. However, it is noted that protons at a reduced 
flux level first appear at about 19.16 UT and are then observed 
during the entire period 19.16 - 19.45 UT. At about 19,45 - 
19.50 UT the proton flux level increases to a value representa- 
tive of the outer magnetosphere. Except for a brief spike at 
about 19.24 UT energetic electrons are not seen until 19.45 UT 
when they abruptly take on magnetospheric flux levels. These 
observations are in harmony with the interpretation of the five 
events mentioned above as true magnetopause penetrations, pro- 
vided that the first two satellite reentries into the magneto- 
sphere did not bring the satellite into the region of high 
particle fluxes. 
In the survey plot of Fig. 2 the data is presented in the 
form of continuous averages, each taken over 16 individual field 
measurements. Thus the time separation between neighboring 
points in Fig. 2 is approximately 5 sec. Also the old (digital) 
data was used for this plot. All subsequent figures in this 
paper are based on the improved data. 
Figures 3 - 7 show the five individual boundary crossings 
in detail, In these figures each individual data point is shown 
so that the time separation between neighboring points is . 3 2 7  sec. 
It is seen that the durations of the first four magnetopause 
c r o s s i n g s  a r e  of t h e  o r d e r  o f  PO seconds .  A s  p o i n t e d  o u t  b e f o r e ,  
t h e  d u r a t i o n  o f  t h e  l a s t  c r o s s i n g  i s  c o n s i d e r a b l y  l o n g e r .  F i g u r e  
7 shows on ly  t h a t  segment o f  t h e  t o t a l  c r o s s i n g  where t h e  f i e l d -  
d i r e c t i o n  change t a k e s  p l a c e  r e a s o n a b l y  r a p i d l y .  The n a t u r e  o f  
t h e  i m p u l s i v e  f i e l d  v a r i a t i o n  i n  F ig .  7 a t  19 .37.45 .UT i s  n o t  
known. I t  may be  a  wave p a c k e t  o f  some t y p e  t r a v e l l i n g  th rough  
t h e  magnetopause.  A l t e r n a t i v e l y ,  it  may be  a  magnet ic  f i e l d  
s t r u c t u r e  t h a t  convected  a c r o s s  t h e  magnetopause w i t h  t h e  t r a n s -  
i t i o n - z o n e  plasma.  
  he magnetometer d a t a  from t h e  t ime  i n t e r v a l s  d e n o t e d  by 
A t  i n  F igu re s  3 - 7 have been used fsr & minimum-varlanoa analy- 
@ i s  of  t h e  t y p e  described by , ( 1 9 6 7 ) ,  In 
o t h e r  worde,  t h e  e i g e n v e o t o r s  nl? z~~ 
N 
and n3 and t h e  c o r r e s -  
*I 
ponding e i g e n v a l u e s  h l ,  h 2  and X g  o f  t h e  m a t r i x  
have  been de te rmined .  Here Ba and B a r e  t h e  C a r t e s i a n  com- B 
ponen t s  o f  a n  i n d i v i d u a l  measured f i e l d  v e c t o r  and t h e  overhead 
b a r  d e n o t e s  a n  a v e r a g e  o v e r  a l l  measured v e c t o r s  i n  t h e  t i m e  
i n t e r v a l  A t .  I t  i s  n o t e d  t h a t  a n  i n d i v i d u a l  e i g e n v a l u e  r e p r e -  
s e n t s  t h e  v a r i a n c e  of  t h e  magnet ic  f i e l d  component a l o n g  t h e  
I 
c o r r e s p o n d i n g  e i g e n v e c t o r  and t h a t  i n  a  one-dimensional  
s t a t i o n a r y  magnetopause model t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  
t h e  magnetopause c u r r e n t  l a y e r  i s  g i v e n  by t h e  e i g e n v e c t o r  
n cor respond ing  t o  t h e  s m a l l e s t  e i g e n v a l u e  X1. 
-1' 
The r e s u l t i n g  e i g e n v a l u e s  and e i g e n v e c t o r s  a r e  g i v e n  i n  
TaPPe 2 ,  I t  i s  seen t h a t  f o r  all b o u n d a r i e s  t h e  r a t i o  X / A  2 1 
o f  t h e  i n t e r m e d i a t e  t o  t h e  s m a l l e s t  e i g e n v a l u e  i s  l a r g e r  t h a n  
a b o u t  t h r e e .  Thus,  t h e  v a r i a n c e  e l l i p s o i d s  are nondegenera te  
and i n  each c a s e  n s h o u l d  g i v e  a n  a c c u r a t e  e s t i m a t e  o f  t h e  
-l 
d i r e c t i o n  perpendicular t o  t h e  magnetopause,  p rov ided  t h a t  
t h e  s t r u c t u r e  of t h e  l a t t e r  i s  approx imate ly  one-dimensional ,  
and provided. t h a t  i t s  a t t i t u d e  does n o t  change s i g n i f i c a n t l y  
d u r i n g  t h e  s a t e l l i t e  p e n e t r a t i o n  t i m e .  
The d a t a  i n  Tab le  2 shows t h a t  r e l a t i v e l y  l a r g e  changes 
i n  t h e  magnetopause a t t i t u d e  t a k e  p l a c e  between t h e  i n d i v i d u a l  
p e n e t r a t i o n s .  Thus ,  i t  i s  d i f f i c u l t  t o  o b t a i n  a r e l i a b l e  nor-  
mal d i r e c t i o n  i f  t h e  p e n e t r a t i o n  t ime  i s  o f  t h e  o r d e r  o f  minu tes  
as i n  t h e  c a s e  o f  t h e  1 9 . 4 0  UT boundary.  For  t h i s  r e a s o n  on ly  
t h e  t ime  segment A t  i n  F ig .  7 around 19.38 UT i n  which t h e  most 
r a p i d  f i e l d  changes o f  t h i s  boundary t a k e  p l a c e  h a s  been a n a l y z e d  
by t h e  minimum-variance method, An e a r l i e r  c a l c u l a t i o n  (Sonnerup 
and C a h i l l ,  1967) o f  t h e  boundary normal  on t h i s  o c c a s i o n  u t i l i z e d  
20 minutes  o f  d a t a .  I t  y i e l d e d  a normal d i r e c t i o n  g i v e n  by 
8 = 69O 4 = 3 O  and  a normal f i e l d  component of  -2y. T h i s  r e s u l t  
i s  now c o n s i d e r e d  t o  be  i n  e r r o r .  The v e c t o r  normal t o  t h e  
19 .27.30 UT boundary was a l s o  r e p o r t e d  e a r l i e r  a s  0 = 7 2 O  4 = 3O 
w i t h  a  n o r m a l - f i e l d  component of  - 7y. The o l d  c a l c u l a t i o n  
u t i l i z e d  90 and 160 i n d i v i d u a l  f i e l d  v e c t o r  measurements w h i l e  
o n l y  50  such  measurements were used i n  t h e  p r e s e n t  c a l c u l a t i o n .  
The new c a l c u l a t i o n  s h o u l d  be c o n s i d e r e d  more r e l i a b l e .  
Table  2 .  E igenva lues  and E i g e n v e c t o r s  o f  Mag 
The e i g e n v e c t o r s  a r e  g iven  i n  te rms o f  t h e  geomagnetic  
c o l a t i t u d e  8  and l o n g i t u d e  $. These a n g l e s &  a r e  d e f i n e d  i n  
Tab le  1. The t h e o r e t i c a l  normal v e c t o r  h a s  B t  80.7O, 
Time X Geomagnetic B * n  
' A l l  a n g l e s  were t r ans fo rmed  from s a t e l l i t e  c o o r d i n a t e s  t o  
geomagnetic  c o o r d i n a t e s  by use  of  t h e  s a t e l l i t e  p o s i t i o n  
a t  19 .28  UT. 
With t h e  o l d  ( d i g i t a l )  E x p l o r e r  1 2  d a t a  t h e  tendency f o r  
t h e  minimum-variance d i r e c t i o n  t o  l i e  a l o n g  t h e  s a t e l l i t e  s p i n  
a x i s  s e r i o u s l y  hampered t h e  use  of  t h e  minimum-variance method 
f o r  t h e  d e t e r m i n a t i o n  o f  t h e  v e c t o r  normal t o  t h e  magnetopause 
( , 1 9 6 7 ) .  I n  t h a t  c a s e  t h e  s p i n  modula t ion  
o f  t h e  o u t p u t s  from t h e  two magnetometers w i t h  axes  pe rpend i -  
c u l a r  t o  t h e  s a t e l l i t e  s p i n  a x i s  and t h e  absence  o f  s p i n  modu- 
l a t i o n  o f  t h e  s p i n - a x i s  magnetometer l e d  t o  a n o n i s o t r o p i c  
a d d i t i o n  o f  t h e  d i g i t a l  n o i s e  and a n  a s s o c i a t e d  d i s t o r t i o n  
o f  t h e  t r u e  v a r i a n c e  e l l i p s o i d .  Th i s  t y p e  o f  d i f f i c u l t y  does  
n o t  a r i s e  w i t h  t h e  improved ( a n a l o g )  d a t a  p rov ided  t h a t  c a r e  
h a s  been t a k e n  t o  e l i m i n a t e  t h e  z e r o - l e v e l  e r r o r s  o f  t h e  mag- 
n e t o m e t e r s  measuring t h e  f i e l d  p e r p e n d i c u l a r  t o  t h e  s p i n  a x i s .  
A s  p o i n t e d  o u t  i n  t h e  i n t r o d u c t i o n ,  t h e  z e r o - l e v e l  e r r o r s  
appeared  t o  be s m a l l  d u r i n g  t h e  S e p t .  24 e v e n t .  N e v e r t h e l e s s ,  
t h e s e  e r r o r s  were removed. 
The normal  v e c t o r s  nl i n  Tab le  2 may be  compared w i t h  a  
t h e o r e t i c a l  normal  v e c t o r  nt f o r  t h i s  t ime  p e r i o d ,  o b t a i n e d  
.-.4 
from t h e  Mead-Beard magnetosphere model ( s e e  Sonnerup and 
C a h i l l ,  1 9 6 7 ) .  Th i s  v e c t o r h a s  8 = 80.7O, bt t = 5.5O. I t  
i s  s e e n  t h a t  t h e r e  a r e  i n  g e n e r a l  r a t h e r  l a r g e  a n g u l a r  d e v i a -  
t i o n s  o f  t h e  measured normal v e c t o r  n  from t h e  t h e o r e t i c a l  
-1 
one ,  
F i g u r e s  8  - 1 2  show p o l a r  p l o t s  o f  t h e  magnet ic  f i e l d  
component t a n g e n t i a l  t o  t h e  magnetopause d u r i n g  t h e  f i v e  pene- 
t r a t i o n s  d i s c u s s e d  h e r e .  An arrow from t h e  o r i g i n  t o  an  i n d i v i d -  
11 
u a l  p o i n t  r e p r e s e n t s  t h e  t a n g e n t i a l - f i e l d  component o f  one 
i n d i v i d u a l  f i e l d - v e c t o r  measurement. The two a x e s  shown i n  
t h e s e  diagrams a r e  t h e  n and n  d i r e c t i o n s  g i v e n  i n  Table  2 .  
." 2 -3 
The v e c t o r s  n2 and n3 a r e  due rough ly  wes t  and n o r t h ,  r e s p e c t i v e l y .  
..4 - 
I t  i s  n o t e d  from t h e s e  f i g u r e s  t h a t  t h e  p o l a r i z a t i o n  o f  t h e  
magnetopause a p p e a r s  t o  change i n  t h e  t ime  i n t e r v a l  1 9 . 2 1  - 
19.38 UT. I n  o t h e r  words ,  a n  o b s e r v e r  moving outwards from 
t h e  e a r t h  th rough  t h e  magnetopause would f i n d  t h a t  a t  1 9 . 2 1  UT 
t h e  t a n g e n t i a l  magne t i c  f i e l d  v e c t o r  r o t a t e s  i n  t h e  r i g h t - h a n d  
s e n s e  when s e e n  from t h e  e a r t h  w h i l e  a s imilar  p e n e t r a t i o n  a t  
19 .38 UT would y i e l d  a l e f t - h a n d  r o t a t i o n .  For  t h e  i n t e r m e d i -  
a t e  c r o s s i n g s  t h e  s e n s e  o f  r o t a t i o n  i s  i n d e t e r m i n a t e .  A pos- 
s i b l e  i n t e r p r e t a t i o n  o f  t h i s  o b s e r v a t i o n  w i l l  be  p r e s e n t e d  i n  
t h e  d i s c u s s i o n  s e c t i o n .  
F i g u r e  1 3  shows t h e  v a r i a t i o n  o f  t h e  magne t i c  f i e l d  com- 
ponen t  a l o n g  nl, i . e . ,  a l o n g  t h e  c a l c u l a t e d  normal d i r e c t i o n .  
.., 
I n  a  one-dimensional  s t e a d y  magnetopause model t h i s  f i e l d  
component s h o u l d  remain c o n s t a n t  i n  o r d e r  t o  a s s u r e  t h a t  V B = 0 ,  
- - 
I t  i s  s e e n  t h a t  t h e  i n d i v i d u a l  f i e l d  measurements may d e v i a t e  
s u b s t a n t i a l l y  from t h e  average  v a l u e .  I n  p a r t i c u l a r  t h i s  i s  
t h e  c a s e  f o r  t h e  1 9 . 2 1  UT boundary. The d e v i a t i o n s  a p p e a r  t o  
be  more o r  l e s s  random. I t  i s  n o t e d  t h a t  o s c i l l a t i o n s  w i t h  a  
p e r i o d  comparable t o  t h e  p e n e t r a t i o n  t ime  a p p e a r  t o  be  l a r g e l y  
a b s e n t ,  If s u b s t a n t i a l  o s c i l l a t i o n s  w i t h  t h i s  p e r i o d  were s e e n  
t h e  assumpt ion  of a s t e a d y  one-dimensional  magnetopause model 
would be i n v a l i d .  
F i n a l l y ,  i t  i s  n o t e d  t h a t  t h e  average  m a g n e t i c - f i e l d  com- 
ponent  normal t o  t h e  magnetopause undergoes a  s y s t e m a t i c  
change from n e g a t i v e  v a l u e s  ( i . e . ,  p o i n t i n g  towards t h e  e a r t h )  
t o  p o s i t i v e  ones f o r  t h e  s u c c e s s i v e  boundary p e n e t r a t i o n s  i n  
t h e  t ime  p e r i o d  1 9 . 2 1  - 19.38 UT. A p o s s i b l e  i n t e r p r e t a t i o n  
of  t h i s  o b s e r v a t i o n  w i l l  be  p r e s e n t e d  i n  t h e  d i s c u s s i o n  s e c t i o n .  
Normal f i e l d  components o f  a  magnitude g r e a t e r  t h a n  a b o u t  5y 
s h o u l d  be  c o n s i d e r e d  a s  s i g n i f i c a n t .  
- 
Discussion 
The minimum-variance analysis discussed in the previous 
section has led to the following conclusions concerning the 
five Explorer 12 boundary penetrations on Sept. 24, 1961, 
19.21 - 19.40 UT: 
i) The magnetic field component perpendicular to the 
magnetopause is negative, i.e., it points towards the earth 
during the first boundary penetration (19.21 UT). For the 
subsequent penetrations the normal field component first 
approaches zero. It then takes on a large positive value, 
i.e., it points away from the earth, during the final pene- 
tration (19.38 UT). 
ii) The polarization of the magnetopause current layer 
also changes in a systematic manner during the period 19.21 - 
19.40 UT, as shown by Figures 8 - 12. The sense of rotation 
of the magnetic field vector seen by an observer facing the 
sun and travelling outwards through the current layer is 
right-hand for the boundary at 19.21 UT and left-hand for the 
one at 19.38 UT. For the intermediate boundaries the sense is 
undefined. 
It is proposed here that these observations are compatible 
with the so-called open magnetosphere model (Dungey, 1961, 
Levy et al, 1 9 6 4 ) .  The main feature of this field model is 
an X-type null line in the field intensity on the front side 
of the magnetospheric surface. This line is formed between 
the transition zone field, assumed to be due south, and the 
geomagnetic field which is due north. If these two fields are 
not exactly antiparallel there will be a field component along 
the "null" line so that the field intensity is not strictly 
zero there. At the null line the process of magnetic field re- 
connection takes place. In the region north of the null line 
the magnetic-field component perpendicular to the magnetospheric 
surface points inwards while south of that line it points out- 
wards, The magnitude of this normal-field component is sub- 
stantial; theoretical studies (Levy et al, 1964) suggest a 
value of 10 - 20% of the total field. 
If the open model is adopted for the purposes of inter- 
preting the Sept. 24 event it is found that the satellite must 
have been north of the null line at 19.21 UT and south of it 
at 19.38 UT. It is noted that the null line in the open model 
should pass through the forward stagnation point in the solar- 
wind flow past the magnetosphere and that it should lie in the 
vicinity of the solar-magnetospheric equatorial plane when the 
transition-zone field is nearly antiparallel to the geomagnetic 
field as was the case for the Sept. 24 event. But it was pointed 
out in the introduction that the satellite was located extremely 
near the solar magnetospheric equatorial plane during the time 
19.21 - 19.40 UT. Even though the satellite was in fact slightly 
south of that plane at 19.21 UT and slightly north of it at 
19.40 UT it is reasonable to assume that the null line could 
have moved around in such a manner that the satellite was in 
fact slightly north of the null line at 19.21 UT and slightly 
south of it at 19.38 UT, The motion required for this is 
minute. 
A second feature of the open magnetosphere model is that 
away from the null line, the change in field direction at the 
magnetopause is accomplished by a so-called rotational discon- 
tinuity (Levy et al, 1964). This discontinuity is a large 
amplitude Alfv6n wave, which in the magnetospheric applica- 
tion propagates into the transition zone with the Alfv6n speed 
based on the component of the magnetic field perpendicular to 
the wave front, At the same time it is swept back towards the 
magnetosphere at the same speed by the transition-zone plasma 
flow. Thus, a standing wave front, the magnetopause, results. 
In the magnetohydrodynamic approximation the rotational dis- 
continuity has the property that the field magnitude is pre- 
served while the field direction changes. Since the normal 
field component must be conserved across the discontinuity it 
follows that in the discontinuity the field component tangential 
to the magnetopause must rotate from the magnetospheric direc- 
tion to the transition-zone direction under conservation of its 
magnitude, hence the name rotational discontinuity. 
Examination of Figures 12 and 13 shows that the observed 
behavior of the magnetopause field at 19.38 UT is indeed com- 
patible with this structure, The magnetic-field component 
normal to the magnetopause is substantial (Fig. 13) and the 
tangential-field component remains approximately constant as 
its direction changes (Fig. 12). Over the entire time period 
of this boundary the field magnitude does change substantially 
as shown in Fig. 2d. In the flow model proposed by Levy et al, 
(1964), the field-magnitude changes at the magnetopause in 
general occur somewhat closer to the earth than the field 
direction changes. While this tendency appears to be present 
in Fig. 2d there is a substantial overlap between the regions 
in which the field-direction and the field-magnitude changes 
occur, This may be due to the proximity of the null line where 
the two regions are expected to merge, Fluctuations in field 
magnitude, presumably due to compression waves travelling across 
the magnetopause, or to field irregularities convected across 
B 
it, are also apparent in Fig. 2d. (Further comments on the 
possibility of a nonconstant magnetic field in a rotational 
discontinuity are found in Su and Sonnerup, 1968; Gerdin and 
, 1969; and in Hudson, 1970,) 
Turning next to the boundary at 19.21 UT (Fig, 8) it is 
apparent that the field magnitude does not remain constant; 
there is a pronounced minimum in the middle of the current 
layer, Normally a structure of this type would be interpreted 
as a tangential discontinuity or a sheet pinch and it would be 
associated with the closed magnetosphere model. However, as 
pointed out previously, there is a substantial magnetic-field 
component perpendicular to the layer and this renders the inter- 
pretation of the layer as a tangential discontinuity invalid, 
Again it is proposed that the field magnitude variation is due 
to the proximity of the null line. If the polarization of the 
magnetopause current layer changes at the null line as sug- 
gested by the present observations (when interpreted in the 
context of the open magnetopshere model) then the field com- 
ponent B2 along the n2 axis must change sign at the null line. 
5 
This implies that a magnetopause penetration near the null 
line may yield a polar plot of the type shown in Fig. 8. 
In,brief, the 19.21 UT boundary is interpreted as a 
rotational discontinuity located slightly north of the null 
line and modified by its close proximity to that line. Since 
the 19.38 UT boundary occurred on the southern side of the 
null line, the intermediate boundaries (at 19.25.30, 19.26,00 
and 19.27.30 UT) would then represent the magnetopause struc- 
ture at, or extremely near, the location of the null line it- 
self, The extremely weak magnetic field in the time inter- 
val between the 19.25.30 and the 19.26.00 UT boundaries sug- 
peetc %hat thg satellite may in faet have g@net~at@d into the 
magnetopause very near the null Line and that it did not omeppe 
completely on the transition-zone side sf the magnetopause, In 
the 19.27,30 UT boundary a complete penetration took place, The 
behavior of the tangential-field component in this case (Fig. 11) 
is remarkable. In the early portion of the penetration there 
is a tendency for the polarization to agree with the one on 
19.21 UT (Fig. 8) while in the late portion there is a tendency 
towards agreement with the 19.38 UT case (Fig. 12). 
If one adopts the interpretation of the two boundaries at 
l9,2l UT and at 19.38 UT as rotational discontinuities, i.e., 
as standing Alfv6n waves, then it becomes clear that the ob- 
served polarization change of the magnetopause current layer, 
mentioned earlier, should be related to the polarization of 
the Alfv6n wave, Since the magnetic field component perpen- 
dicular to the magnetopause is opposite at 19.21 UT and at 
19.38 UT, one concludes that the polarization of the magneto- 
pause viewed as an Alfv6n wave is the same for both boundaries, 
and that it is the same as for the electron-whistler mode. 
Observations of opposite senses of rotation of the tan- 
gential field component at magnetopause above and below the 
solar magnetospheric equatorial plane have been reported pre- 
viously (Sonnerup and Cahill, 1968) and the senses observed 
were in agreement with the interpretation of the magnetopause 
as an electron-polarized Alfvgn wave. However, the sign and 
magnitude of the magnetic field component normal to the magneto- 
pause were not available for most of the boundaries contained 
in that study. It is also noted that a theoretical explanation 
of the absence of the proton polarization has been given by 
Su and Sonnerup, (1968). 
In summary, it appears that the Explorer 12 magnetometer 
observations from the Sept. 24, 1961 reentry into the magneto- 
sphere are explained in considerable detail by the so-called 
open model or reconnection model of the magnetosphere. In 
addition to explaining the observed normal-field components 
and their relationship to the observed polarization change of 
the magnetopause, this model would also account for the fact 
that on this occasion the magnetopause appeared capable of 
transmitting compressive waves or frozen-in field structures 
from the transition zone into the magnetosphere.(See Figures 
2a and 2b.l This is usually not observed (Kaufmann, 1970), 
There is theoretical evidence that a magnetopause boundary of 
the tangential-discontinuity type associated with the so-called 
closed magnetosphere might be an effective reflector of such 
waves (McKenzie, 19701, For an open magnetosphere model the 
plasma conditions on both sides of the magnetopause would be 
similar and one would expect the transmission coefficient to 
be high. Also, magnetic-field variations frozen in the trans- 
ition-zone plasma can readily be convected across the magneto- 
pause in the open model. Finally, the closed magnetosphere 
model would require the normal-field components calculated here 
to be spurious, This appears unlikely, in particular for the 
19.38 UT boundary. 
In closing it is worth emphasizing that the observations 
presented here represent a single event which occurred during 
a magnetic storm. Thus it is not possible to infer from the 
interpretation proposed here that the open magnetosphere model 
is always applicable. Indeed, it is likely that this model 
occurs only for brief periods of time and only in connection 
with certain types of geomagnetic disturbances, and that under 
normal circumstances the closed magnetosphere model is valid 
(see, e.g., Sonnerup and Cahill, 1967). 
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Fig. 1. Magnetograms from several low and mid-latitude 
stations showing the time variation of the hori- 
zontal magnetic field component during the magnetic 
storm of Sept. 24, 1961. 
Fig. 2. Survey plots of the Explorer 12 magnetic-field 
observations during the period 19.15 - 19,46 UT on 
the inbound pass of Sept. 24, 1961. The field is 
presented in terms of the field magnitude, B, and 
two angles a and I/J giving the orientation of the 
field vector relative to the satellite spin axis 
and the plane containing the spin axis and the 
sun direction, Magnetopause penetrations are seen 
at 19.21, 19.25.30, 19.26, 19.27.30 and 19.38 UT. 
Fig. 3 ,  Detailed record of the magnetopause penetration at 
19.21 UT. 
Fig. 4 Detailed record of the magnetopause penetration at 
19.25.30 UT. 
Fig. 5. Detailed record of the magnetopause penetration at 
19.26 UT. 
Fig. 6, Detailed record of the magnetopause penetration at 
19.27.30 UT, 
Fig, 7. Detailed record of the magnetopause penetration at 
19.38 UT. 
Fig. 8. Polar plot of the magnetic-field component tangential 
to the magnetopause surface for the penetration at 
19.21 UT. The directions (2) and (3) correspond to 
the vectors e2 and in Table 2. 
Fig. 9. Polar plot of the magnetic-field component tangential 
to the magnetopause surface for the penetration at 
19.25.30 UT. The directions (2) and (3) correspond 
to the vectors n2 and n in Table 2. 
- - 3 
Fig. 10. Polar plot of the magnetic field component tangential 
to the magnetopause surface for the penetration at 
19.26 UT, The directions (2) and (3) correspond to 
the vectors n2 and n3 in Table 2. 
- w 
Fig. 11. Polar plot of the magnetic field component tangential 
to the magnetopause surface for the penetration at 
19.27.30 UT. The directions (2) and ( 3 )  correspond 
to the vectors n2 and n3 in Table 2. 
- 
Fig, 12. Polar plot of the magnetic field component tangential 
to the magnetopause surface for the penetration at 
19.38 UT, The directions ( 2 )  and (3) correspond to 
the vectors n and ng in Table 2. The vector Bi 
- 2 - 
denotes the field direction on the magnetosphere side 
of the magnetopause at 19.45 UT, 
Fig. 13. Time variation of the magnetic field component normal 
to the magnetopause current layer. 
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